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1 The Standard Model 

One of the most basic questions we can ask about the Universe is: What is the origin of matter? 
There are of course many ways in which to interpret this question, and there are varying depths to 
\ which it can be answered. Essentially all of the mass in the Universe that is observed is in the form 
of baryons, today consisting of protons and neutrons in the nuclei of atoms. While baryons may 
not be the dominant component of the Universe, they are without a doubt present and essential 
to our existence. However, the fact that a significant part of the mass of the Universe is baryonic 
^r) ■ is not in and of itself surprising. The lightest baryons are relatively long lived by particle physics 
standards and massive. Protons have extremely long lifetimes (or, in a boring world may be stable) 
and neutrons live long enough to become incorporated primarily into helium nuclei in the early 
Universe (see below). While electrons are stable (so long as electric charge is conserved), and they 
' are present in numbers equal to that of protons, they are too light to make a significant contribution 
to the mass density of the Universe. Other stable particles which may yet be found to be massive, 
such as neutrinos, or still to be discovered such as the lightest super symmetric particle, may in fact 
■ dominate the overall mass density of the Universe. There are however, two known particles which 
on the basis of mass and lifetime could be expected to contribute to the mass of the Universe: the 
anti-proton and the anti-neutron, p and n have, of course, exactly the same mass and lifetime as 
p and n. Yet these antibaryons are not observed in any abundance in nature. The creation of this 
asymmetry between baryons and anti-baryons or between matter and anti- matter is the subject of 
these lectures. 

To deal with the specific problem of the baryon asymmetry, it will be useful to briefly review the 
standard cosmological model as a framework towards a solution. To put the problem in perspective, 
it useful to have an idea of the general sequence of events which are believed to have occurred since 
the big bang. The earliest times (after the big bang) that we are able to discuss are after t — 10 _44 s, 
or at temperatures of about 10 18 GeV. This period is the Planck epoch and a description of events 
at or prior to this time would require a more complete theory of quantum gravity which may yet 
be found in string theory. The Grand Unified (GUT) scale is typically at T ~ 10 15 GeV at times of 
about 10~ 35 s. Standard models of baryogenesis and inflation may have played important roles at 
this time. Barring new interactions at an intermediate scale, electroweak symmetry breaking then 
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occurred at times of order 10 _10 s at the electroweak scale of 100 GeV. Quark-gluon confinement 
should have taken place at t ~ 10~ 5 s at T ~ Aqcd ~ 100 MeV. Big bang nucleosynthesis and the 
formation of the light element isotopes of D, 3 He, 4 He and 7 Li took place between 1 and 100 s, at 
temperatures below 1 MeV. It wasn't until t ~ 10 12 s or T ~ 1 eV that recombination of neutral 
hydrogen occurred and the formation of galaxies began. Finally to put things in perspective, the 
age of the Universe today is ~ 10 17 s and the temperature is the well known 2.726 K as measured 
by COBE @] 

The standard big bang model assumes homogeneity and isotropy, so that space-time can be 
described by the Friedmann-Robertson- Walker metric which in co-moving coordinates is given by 



ds 2 = -di z + R z {t) 



(1 - kr 2 ) 



(1) 



where R(t) is the cosmological scale factor and k is the three-space curvature constant (k = 0, +1, — 1 
for a spatially flat, closed or open Universe), k and R are the only two quantities in the metric 
which distinguish it from flat Minkowski space. It is also common to assume the perfect fluid form 
for the energy-momentum tensor 

r p =P9 p + (p + p)«V (2) 

where g^ v is the space-time metric described by (||), p is the isotropic pressure, p is the energy 
density and = (1,0,0,0) is the velocity vector for the isotropic fluid. Einstein's equation yield 
the Friedmann equation, 

and 

= I A _I 87rGiV ( p + 3 ? ,) (4) 

where A is the cosmological constant, or equivalently from T^ v '- u = 

p = -3H(p + p) (5) 

These equations form the basis of the standard big bang model. 

At early times (t < 10 5 yrs) the Universe is thought to have been dominated by radiation so 
that the equation of state can be given by p = p/3. If we neglect the contributions to H from k 
and A (this is always a good approximation for small enough R) then we find that 

R(t) ~ t 1 ' 2 (6) 

and p ~ i? -4 so that t ~ (3/32ttGn p) 1 ^ 2 . Similarly for a matter or dust dominated Universe with 
p = 0, 

R(t) ~ t 2/3 (7) 

and p ~ R~ 3 . The Universe makes the transition between radiation and matter domination when 
Prad = Pmatter or when T ~ few x 10 3 K. 
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Figure 1: The evolution of the cosmological density parameter, f2, as a function of the scale factor 
for a closed, open and spatially flat Universe. 



In the absence of a cosmological constant, one can define a critical energy density p c such that 
p = p c for k = 

p c = 3H 2 /8itG n (8) 
In terms of the present value of the Hubble parameter this is, 

p c = 1.88 x l(T 29 /i 2 gcm- 3 (9) 

where 

h = ^/(lOOkmMpc - ^- 1 ) (10) 
The cosmological density parameter is then defined by 

n = £ (ii) 

Pc 

in terms of which the Friedmann equation, Eq. can be rewritten as 

(n-i)^ = A (12) 

so that k = 0, +1,— 1 corresponds to O = 1, f2 > 1 and f2 < 1. Observational limits on h Q and 0, 
are! 

0.4 < h < 1.0 0.1 < n < 2 (13) 

It is important to note that O is a function of time or of the scale factor. The evolution of O, is 
shown in figure 1 for A = 0. 

For a spatially flat Universe, f2 = 1 always. When k = +1, there is a maximum value for the scale 
factor R. At early times (small values of R), O, always tends to one. Note that the fact that we do 
not yet know the sign of k, or equivalently whether Q is larger than or smaller than unity, implies 
that we are at present still at the very left in the figure. What makes this peculiar is that one 
would normally expect that the sign of k to become apparent after a Planck time of 10 -43 s. It is 
extremely puzzling that some 10 60 Planck times later, we still do not know the sign of k. 
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1.1 The Hot Thermal Universe 



The epoch of recombination occurs when electrons and protons form neutral hydrogen through 
e~ + p — ► H +7 at a temperature Tr~ few xlO 3 K ~1 eV. For T < Tr, photons are decoupled 
while for T > Tr, photons are in thermal equilibrium and the Universe is usually taken to be 
radiation dominated so that the content of the radiation plays a very important role. Today, the 
content of the microwave background consists of photons with T Q = 2.726 ± .01 KQ. We can 
calculate the energy density of photons from 



p-y = I E-ydn-y (14) 

where the density of states is given by 



dn 7 = ^[exp(E 7 /T) - l]- 1 q 2 dq (15) 



and g 1 = 2 simply counts the number of degrees of freedom for photons, E y = q is just the photon 
energy (momentum). (I am using units such that fi = c = ks = 1 and will do so through the 
remainder of these lectures.) Integrating (14) gives 



P, = ^ (16) 

which is the familiar blackbody result. 

In general, at very early times, at very high temperatures, other particle degrees of freedom join 
the radiation background when T~mj for each particle type i if that type is brought into thermal 
equilibrium through interactions. In equilibrium the energy density of a particle type i is given by 



and 



Eidng. (17) 



dn qi = £^[exp[(E qi - ^)/T] ± l^q^q (18) 



where again gi counts the total number of degrees of freedom for type i, 

1/2 



E qi = (m 2 i +qf) (19) 

Hi is the chemical potential if present and db corresponds to either Fermi or Bose statistics. 
In the limit that T>mj the total energy density can be conveniently expressed by 

where Qb(f) are the total number of boson (fermion) degrees of freedom and the sum runs over 
all boson (fermion) states with m <C T. The factor of 7/8 is due to the difference between the 
Fermi and Bose integrals. Equation ( |20| ) defines N(T) by taking into account new particle degrees 
of freedom as the temperature is raised. 

In the radiation dominated epoch, eq. (g) can be integrated (neglecting the T-dependence of 
N) giving us a relationship between the age of the Universe and its temperature 
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Table 1: Effective numbers of degrees of freedom in the standard model. 



Temperature 


New Particles 


4N(T) 


T <m e 


7's + z/s 


29 


m e < T < 


e ± 


43 


< T < m n 




57 


m n < T < Tc* 


7r's 


69 


T c < T < W-strange 


- 7r's + u, it, d, d + gluons 


205 


m s < T < Tricharm 


s, s 


247 


m c < T < m T 


c, c 


289 


m T <T < m bottom 


r± 


303 


m b <T < mw,z 


b,b 


345 


mw,z <T < m t0 p 


W ± ,Z 


381 


m t <T < m Higgs 


t,i 


423 


M H <T 


H° 


427 



*T C corresponds to the confinement-deconfinement transition between quarks and hadrons. g(T) = 
N(T) is shown in Figure 2 for T c = 150 and 400 MeV. It has been assumed that mniggs > rritop- 

Put into a more convenient form 

tT 2 MeV = 2A[N(T)\- 1 / 2 (22) 

where t is measured in seconds and TueV i n units of MeV. 

The value of N(T) at any given temperature depends on the particle physics model. In the 
standard SU{3) x SU{2) x U{1) model, we can specify N(T) up to temperatures of 0(100) GeV. 
The change in N can be seen in the following table. 

At higher temperatures, N(T) will be model dependent. For example, in the minimal SU (5) 
model, one needs to add to N(T), 24 states for the X and Y gauge bosons, another 24 from 
the adjoint Higgs, and another 6 (in addition to the 4 already counted in W^,Z and H) from 
the 5 of Higgs. Hence for T > Mx in minimal SU(5), N(T) = 160.75. In a supersymmetric 
model this would at least double, with some changes possibly necessary in the table if the lightest 
supersymmetric particle has a mass below M#. 

The notion of equilibrium also plays an important role in the standard big bang model. If, for 
example, the Universe were not expanding, then given enough time, every particle state would come 
into equilibrium with each other. Because of the expansion of the Universe, certain rates might be 
too slow indicating, for example, in a scattering process that the two incoming states might never 
find each other to bring about an interaction. Depending on their rates, certain interactions may 
pass in and out of thermal equilibrium during the course of the Universal expansion. Quantitatively, 
for each particle i, we will require that some rate Tj involving that type be larger than the expansion 
rate of the Universe or 

r t >H (23) 

in order to be in thermal equilibrium. 

A good example for a process in equilibrium at some stage and out of equilibrium at others 
is that of neutrinos. If we consider the standard neutral or charged-current interactions such as 
e + + e~ ^u + uore + u^e + iy etc., very roughly the rates for these processes will be 

r = n(av) (24) 
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Figure 2: The effective numbers of relativistic degrees of freedom as a function of temperature. 
The dashed lines correspond to free quarks and hadrons. 

where (av) is the thermally averaged weak interaction cross section 

(<n;)~ 0(1(T 2 )T 2 /M^ (25) 
and n is the number density of leptons. Hence the rate for these interactions is 

T wk ~ 0(10- 2 )T 5 /M^ (26) 
The expansion rate, on the other hand, is just 

H = (^^Py 2 = (^N(T)^j ' T 2 /M P ~ lMNiT^T^Mp. (27) 

The Planck mass M P = G~^ /2 = 1.22 x 10 19 GeV. 
Neutrinos will be in equilibrium when > H or 

T > (500M^)/M P ) 1/3 ~ lMeV. (28) 

The temperature at which these rates are equal is commonly referred to as the decoupling or 
freeze-out temperature and is defined by 

F(T d ) = H(T d ) (29) 

For temperatures T > T d , neutrinos will be in equilibrium, while for T < T d they will not. Basically, 
in terms of their interactions, the expansion rate is just too fast and they never "see" the rest of 
the matter in the Universe (nor themselves). Their momenta will simply redshift and their effective 
temperature (the shape of their momenta distribution is not changed from that of a blackbody) 
will simply fall with T~l/R. 
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1.2 Big Bang Nucleosynthesis 

An essential element of the standard cosmological model is big bang nucleosynthesis, the theory 
which predicts the abundances of the light element isotopes D, 3 He, 4 He, and 7 Li. As was mentioned 
earlier, nucleosynthesis takes place at a temperature scale of order 1 MeV. At temperatures above 
1 MeV, the weak interactions, being in equilibrium, determined the ratio of neutrons to protons. 
Near 1 MeV, these interactions: n + e + <-> p + P; n + u <-> p + e~ ; and n *-* p + e~ + P; as the e, v 
interactions discussed above, drop out of equilibrium. Although the binding energy of deuterium 
is 2.2 MeV, due to the high photon to baryon ratio (10 10 ), nucleosynthesis is delayed until about 
T ~ 2.2/lnlO 10 ~ 0.1 MeV, when deuterium can be formed without significant dissociation. 
Afterwhich, nucleosynthesis proceeds rapidly with the build-up of the light elements. 

The nuclear processes lead primarily to 4 He, which is produced at about 24% by mass. Lesser 
amounts of the other light elements are produced: about 10~ 5 of D and 3 He and about 10 -10 of 
7 Li by number relative to H. The abundances of the light elements depend almost solely on one key 
parameter, the baryon-to-photon ratio, rj. In figure 3, (taken from ref.|| ) the predicted abundances 
of the light elements are shown as a function of 7710 = 10 10 ry. In figure 3, the boxes correspond to 
acceptable values for the abundances as determined from the observations. The band for the 4 He 
curve shows the sensitivity to the neutron half life. The vertical band shows the overall range of rj 
in which agreement is achieved between theory and observation for all of the light elements. From 
the figure we see that consistency is found for 

2.8 x 1(T 10 < 77 < 3.2(4) x 1(T 10 (30) 

where the bound can be as high as r/10 < 4 when the uncertainties in 7 Li cross-sections are accounted 
for. 

It is important to note that 77 is related to the fraction of £1 contained in baryons, Qb 

Q B = 3.66 x 10 7 i]h- 2 (T /2.726) 3 (31) 

Using the limits on 77 and h , one finds that £Ib is restricted to a range 

0.01 <n B < 0.08 (32) 

and one can conclude that the Universe is not closed by baryons. This value of 77 is the one that 
we try to explain by big bang baryogenesis. 

1.3 Problems with the (Non-Inflationary) Standard Model 

Despite the successes of the standard big bang model, there are a number of unanswered questions 
that appear difficult to explain without imposing what may be called unnatural initial conditions. 
The resolution of these problems may lie in a unified theory of gauge interactions or possibly in a 
theory which includes gravity. For example, prior to the advent of grand unified theories (guts), the 
baryon-to-photon ratio, could have been viewed as being embarrassingly small. Although, we still 
do not know the precise mechanism for generating the baryon asymmetry, many quite acceptable 
models are available as will be discussed in some detail for the better part of these lectures. In a 
similar fashion, it is hoped that a field theoretic description of inflation may resolve the problems 
outlined below. 
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Figure 3: The abundances of the light elements as a function of the baryon-to-photon ratio. 
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1.3.1 The Curvature Problem 

The bound on in Eq. (13) is curious in the fact that at the present time we do not know even 



the sign of the curvature term in the Friedmann equation (0), i.e., we do not know if the Universe 
is open, closed or spatially flat. 

The curvature problem (or flatness problem or age problem) can manifest itself in several ways. 
For a radiation dominated gas, the entropy density s ~ T 3 and R ~ T~ l . Thus assuming an 
adiabatically expanding Universe, the quantity k = k/R 2 T 2 is a dimensionless constant. If we now 
apply the limit in Eq. (li~3| ) to Eq. ( |i~2"l) we find 

58 



k _(Q - l)H t 2 
WT 2 ~ T? 



k = ^ = v " < 2 x 10- (33) 



This limit on k represents an initial condition on the cosmological model. The problem then 
becomes what physical processes in the early Universe produced a value of k so extraordinarily 
close to zero (or Q close to one). A more natural initial condition might have been k ~ 0(1). In 
this case the Universe would have become curvature dominated at T ~ 10~ 1 Mp. For k = +1, 
this would signify the onset of recollapse. As already noted earlier, one would naturally expect the 
effects of curvature (seen in figure 1 by the separation of the three curves) to manifest themselves 
at times on the order of the Planck time as gravity should provide the only dimensionful scale in 
this era. If we view the evolution of f2 in figure 1 as a function of time, then the it would appear 
that the time t = 13 Gyr = 7.6 x 10 60 Mp" 1 (~ the current age of the Universe) appears at the 
far left of x-axis, ie before the curves separate. Why then has the Universe lasted so long before 
revealing the true sign of k? 

Even for k as small as 0(10 -40 ) the Universe would have become curvature dominated when 
T ~ 10 MeV, ie, before the onset of big bang nucleosynthesis. Of course, it is also possible that 
k = and the Universe is actually spatially flat. In fact, today we would really expect only one of 
two possible values for f2: or 1. 

1.3.2 The Horizon Problem 

Because of the cosmological principle, all physical length scales grow as the scale factor R(t) ~ t 2 / 37 , 
with 7 defined by p = (7 — I) p. However, causality implies the existence of a particle (or causal) 
horizon dn(t) ~ t, which is the maximal physical distance light can travel from the co- moving 
position of an observer at some initial time (t = 0) to time t. For 7 > |, scales originating outside 
of the horizon will eventually become part of our observable Universe. Hence we would expect to 
see anisotropies on large scales M. 

In particular, let us consider the microwave background today. The photons we observe have 
been decoupled since recombination at T d ~ 4000K. At that time, the horizon volume was simply 
V d oc t d 3 , where t d is the age of the Universe at T = T d . Then t d = t (T /T d f/ 2 ~ 2 x 10 5 
yrs, where T Q = 2.726K|l| is the present temperature of the microwave background. Our present 
horizon volume V Q oc t a 3 can be scaled back to t d (corresponding to that part of the Universe which 
expanded to our present visible Universe) V (t d ) cx V (T /T d ) 3 . We can now compare V (t d ) and 
V d . The ratio 

V {t d ) U T 3 t 3 T 3 1ft4 

oc ^ oc ^ — o ~ 5 x 10^ (34) 

V d V d T d 3 t d 3 T d 3 1 ; 
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corresponds to the number of horizon volumes or casually distinct regions at decoupling which are 
encompassed in our present visible horizon. 

In this context, it is astonishing that the microwave background appears highly isotropic on 
large scales with AT/T = 1.1 db 0.2 x 10~ 5 at angular separations of 10° ||. The horizon problem, 
therefore, is the lack of an explanation as to why nearly 10 5 causally disconnected regions at 
recombination all had the same temperature to within one part in 10~ 5 . 

1.3.3 Density Perturbations 

Although it appears that the Universe is extremely isotropic and homogeneous on very large scales 
(in fact the standard model assumes complete isotropy and homogeneity) it is very inhomogeneous 
on small scales. In other words, there are planets, stars, galaxies, clusters, etc. On these small 
scales there are large density perturbations namely Sp/p 3> 1. At the same time, we know from 
the isotropy of the microwave background that on the largest scales, Sp/p ~ 3AT/T ~ O(10~ 5 ) || 
and these perturbations must have grown to 5p/p ~ 1 on smaller scales. 

In an expanding Universe, density perturbations evolve with time||. The evolution of the 
Fourier transformed quantity -£(k,t) depends on the relative size of the wavelength A ~ k~ x and 
the horizon scale H . For k <C H, (always true at sufficiently early times) dp/p oc t while for 
k 3> H, Sp/p is ~ constant (or grows moderately as hit) assuming a radiation dominated Universe. 
In a matter dominated Universe, on scales larger than the Jean's length scale (determined by 
kj = ^irG^pmatter/vs 2 , v s = sound speed) perturbations grow with the scale factor R. Because 
of the growth in Sp/p, the microwave background limits force Sp/p to be extremely small at early 
times. 

Consider a perturbation with wavelength on the order of a galactic scale. Between the Planck 
time and recombination, such a perturbation would have grown by a factor of O(10 57 ) and the 
anisotropy limit of Sp/p iS 10~ 5 implies that Sp/p < 10~ 61 on the scale of a galaxy at the Planck 
time. One should compare this value with that predicted from purely random (or Poisson) fluctu- 
ations of Sp/p ~ 10~ 40 (assuming 10 80 particles (photons) in a galaxy) 0. The extent of this limit 
is of course related to the fact that the present age of the Universe is so great. 

An additional problem is related to the formation time of the perturbations. A perturbation 
with a wavelength large enough to correspond to a galaxy today must have formed with wavelength 
modes much greater than the horizon size if the perturbations are primordial as is generally assumed. 
This is due to the fact that the wavelengths red shift as A ~ R ~ t 1 / 2 while the horizon size grows 
linearly. It appears that a mechanism for generating perturbations with acausal wavelengths is 
required. 

1.3.4 The Magnetic Monopole Problem 

In addition to the much desired baryon asymmetry produced by grand unified theories, a less 
favorable aspect is also present; guts predict the existence of magnetic monopoles. Monopoles will 
be produced H whenever any simple group [such as SU(5)} is broken down to a gauge group which 
contains a U(l) factor [such as SU(3) x SU(2) x U(l)]. The mass of such a monopole would be 

M m ~ M gut /a gut ~ 10 16 GeU. (35) 
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The basic reason monopoles are produced is that in the breaking of SU(5) the Higgs adjoint needed 
to break SU(5) cannot align itself over all space Q. On scales larger than the horizon, for example, 
there is no reason to expect the direction of the Higgs field to be aligned. Because of this random- 
ness, topological knots are expected to occur and these are the magnetic monopoles. We can then 
estimate that the minimum number of monopoles produced |l0[ would be roughly one per horizon 
volume or causally connected region at the time of the SU(5) phase transition t c 

n m ~ (2t c )~ 3 (36) 

resulting in a monopole-to-photon ratio expressed in terms of the transition temperature of 

n m /10T C ^ 3 



n 7 V Mp 



(37) 



The overall mass density of the Universe can be used to place a constraint on the density of 
monopoles. For M m ~ 10 16 GeV and Vl m h 2 < 1 we have that 

^ < 0(KT 25 ) (38) 

The predicted density, however, from ([37|) for T c ~ M gut 

^ ~ 10- 9 (39) 

Hence, we see that standard guts and cosmology have a monopole problem. 
1.4 Inflation 

All of the problems discussed above can be neatly resolved if the Universe underwent a period 
of cosmological inflation [pLlJl . During a phase transition, our assumptions of an adiabatically 
expanding universe may not be valid. If we look at a scalar potential describing a phase transition 
from a symmetric false vacuum state {(f>) = for some scalar field <j) to the broken true vacuum 
at (4>) = v as in figure 4, and suppose we find that upon solving the equations of motion for the 
scalar field that the field evolves slowly from the symmetric state to the global minimum (this will 
depend on the details of the potential). If the evolution is slow enough, the universe may become 
dominated by the vacuum energy density associated with the potential near ry ~ 0. The energy 
density of the symmetric vacuum, V(0) acts as a cosmological constant with 

A = 8^V(0)Mp 2 (40) 

During this period of slow evolution, the energy density due, to say, radiation will fall below the 
vacuum energy density, p <C V(0). When this happens, the expansion rate will be dominated by 
the constant V(0) and from Eq. (Q) we find an exponentially expanding solution 

R(t) ~ eV^V3 t (41) 

When the field evolves towards the global minimum it will begin to oscillate about the minimum, 
energy will be released during its decay and a hot thermal universe will be restored. If released fast 
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Figure 4: A typical potential suitable for the inflationary universe scenario. 
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enough, it will produce radiation at a temperature Tr 4 < V(0). In this reheating process entropy 
has been created and (RT)t > (i?T)j. Thus we see that during a phase transition the relation 
RT ~ constant, need not hold true and thus our dimensionless constant k may actually not have 
been constant. 

If during the phase transition, the value of RT changed by a factor of 0(10 29 ), the cosmological 
problems would be solved. The isotropy would in a sense be generated by the immense expansion; 
one small causal region could get blown up and hence our entire visible Universe would have been 
at one time in thermal contact. In addition, the parameter k could have started out 0(1) and have 
been driven small by the expansion. Density perturbations will be stretched by the expansion, 
A ~ R. Thus it will appear that A 3> H~ l or that the perturbations have left the horizon. It is 
actually just that the size of the causally connected region is now no longer simply H" 1 . However, 
not only does inflation offer an explanation for large scale perturbations, it also offers a source for 
the perturbations themselves fli^ . Monopoles would also be diluted away. 

The cosmological problems could be solved if 

Ht > 65 (42) 

where r is the duration of the phase transition, density perturbations are produced and do not 
exceed the limits imposed by the microwave background anisotropy, the vacuum energy density 
was converted to radiation so that the reheated temperature is sufficiently high, and baryogenesis 
is realized. 

For the purposes of discussing baryogenesis, it will be sufficient to consider only a generic model 
of inflation whose potential is of the form: 

V(r,) = ^P( v ) (43) 

where rj is the scalar field driving inflation, the inflaton, \i is an as yet unspecified mass parameter, 
and P{rf) is a function of r/ which possesses the features necessary for inflation, but contains no 
small parameters. I.e. P{rj) takes the form, 

P(rj) = P(o) + mY + A377 3 + A 4 r/ 4 + ... (44) 

where all of the couplings in P are 0(1) and ... refers to possible non-renormalizable terms. Most 
of the useful inflationary potentials can be put into the form of Eq. ([43]). 

The requirements for successful inflation boil down to: 1) enough inflation; 

cPV MP_ _ 8vrU(0) 

drfi l9~*±H< 6 5 " 65M P 2 [ ' 



2) density perturbations of the right magnitude] 12 1; 

5p H 2 



■2 



32\A 1/2 1 ]r .3/2mL-h U_ 
-3^3- J TO 111 \ Mk '~Mp 1 



10^ 3 /2 



V 



j^)^(Hk-^ (46) 

[ {^) 1/2 ^HHk-^)£, 
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^ ~ 0(100)^ (47) 



given here for scales which "re-enter" the horizon during the matter dominated era. These reduce 
approximately to 

^~O(100)^. 
p M P ' 

3) baryogenesis; the subject of the remaining lectures. 

For large scale fluctuations of the type measured by COBE|Q, we can use Eq. ( fj7| ) to fix the 
inflationary scale p. The magnitude of the density fluctuations can be related to the observed 



quadrupole[13] moment: 



(a 2 ) = h,\^f (48) 
6 p 

The observed quadrupole moment gives ||: 

{a\) = (4.7 ±2) x 1(T 10 (49) 



or 



^ = (5.4 ±1.6) x 1(T 6 (50) 
P 



which in turn fixes the coefficient p of the inflaton potential |]14|: 

,2 



^ = few x 1(T 8 (51) 



M 2 



p 



Fixing (p 2 /Mp) has immediate general consequences for inflation [15]. For example, the Hubble 
parameter during inflation, H 2 ~ (8tt /3)(p 4 / Mp) so that H ~ 10~ 7 Mp. The duration of inflation 
is r ~ Mp/p 4 , and the number of e-foldings of expansion is Hr ~ 8tt(M f /p 2 ) ~ 10 9 . If the 
inflaton decay rate goes as T ~ m^/Mp ~ p e /Mp, the universe recovers at a temperature Tp ~ 
(TMp) 1 / 2 ~ p z /M 2 P ~ 10 -11 Mp ~ 10 8 GeF. Recall that before COBE all that could be set was an 
upper limit on p. 



2 Big Bang Baryogenesis 

It appears that there is apparently very little antimatter in the Universe and that the number of 
photons greatly exceeds the number of baryons. In the standard model, the entropy density today 
is related to n 7 by 

s ~ 7n 7 (52) 

so that eq. (|3(i| ) implies rip/s ~ 4 x 10 -11 . In the absence of baryon number violation or entropy 
production this ratio is conserved however and hence represents a potentially undesirable initial 
condition. 

Let us for the moment, assume that in fact r/ = 0. We can compute the final number density 
of nucleons left over after annihilations of baryons and antibaryons have frozen out. At very 
high temperatures (neglecting a quark-hadron transition) T > 1 GeV, nucleons were in thermal 
equilibrium with the photon background and np = ng = (3/2)n 7 (a factor of 2 accounts for 
neutrons and protons and the factor 3/4 for the difference between fermi and bose statistics). As the 
temperature fell below mjy annihilations kept the nucleon density at its equilibrium value (rip/n^) = 
(mAr/T) 3 / 2 exp(— rriM /T) until the annihilation rate Ta — ripm^ 2 below the expansion rate. 
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This occurred at T ~ 20 MeV. However, at this time the nucleon number density had already 
dropped to 

ns/nj = n§/n 7 ~ 10~ 18 (53) 

which is eight orders of magnitude too small [16] aside from the problem of having to separate 
the baryons from the antibaryons. If any separation did occur at higher temperatures (so that 
annihilations were as yet incomplete) the maximum distance scale on which separation could occur 
is the causal scale related to the age of the Universe at that time. At T = 20 MeV, the age of the 
Universe was only i = 2x 10~ 3 sec. At that time, a causal region (with distance scale defined by 
2ct) could only have contained 1O _5 M0 which is very far from the galactic mass scales which we 
are asking for separations to occur, 1O 12 M0. In spite of all of these problems, r\ = 0, implies that 
the Universe as a whole is baryon symmetric, thus unless baryons are separated on extremely large 
(inflationary) domains, in which case we might just as well worry again about rj ^ 0, there should 
be antimatter elsewhere in the Universe. To date, the only antimatter observed is the result of a 
high energy collision, either in an accelerator or in a cosmic-ray collision in the atmosphere. There 
has been no sign to date of any primary antimatter, such as an anti-helium nucleus a found in 
cosmic-rays. 

2.1 The out-of-equilibrium decay scenario 

The production of a net baryon asymmetry requires baryon number violating interactions, C and 



CP violation and a departure from thermal equilibrium! 17]. The first two of these ingredients 
are contained in guts, the third can be realized in an expanding universe where as we have seen, 
it is not uncommon that interactions come in and out of equilibrium. In SU(5), the fact that 
quarks and leptons are in the same multiplets allows for baryon non-conserving interactions such as 
e~ +d «-> u + u, etc., or decays of the supermassive gauge bosons X and Y such as X — > e~ +d, u+u. 
Although today these interactions are very ineffective because of the very large masses of the X 
and Y bosons, in the early Universe when T ~ Mx ~ 10 15 GeV these types of interactions should 
have been very important. C and CP violation is very model dependent. In the minimal SU(5) 
model, as we will see, the magnitude of C and CP violation is too small to yield a useful value of 
j). The C and CP violation in general comes from the interference between tree level and first loop 
corrections. 

The departure from equilibrium is very common in the early Universe when interaction rates 
cannot keep up with the expansion rate. In fact, the simplest (and most useful) scenario for baryon 
production makes use of the fact that a single decay rate goes out of equilibrium. It is commonly 
referred to as the out of equilibrium decay scenario [18]. The basic idea is that the gauge bosons 



X and Y (or Higgs bosons) may have a lifetime long enough to insure that the inverse decays have 
already ceased so that the baryon number is produced by their free decays. 

More specifically, let us call X, either the gauge boson or Higgs boson, which produces the 
baryon asymmetry through decays. Let a be its coupling to fermions. For X a gauge boson, a 
will be the GUT fine structure constant, while for X a Higgs boson, (4-7ra) 1//2 will be the Yukawa 
coupling to fermions. The decay rate for X will be 

T D ~ aM x (54) 
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However decays can only begin occurring when the age of the Universe is longer than the X lifetime 

aM x £ N(T) 1/2 T 2 /M P (55) 



r^, 1 , i.e., when T D > U 



or at a temperature 

T 2 < aMxMpN(T)~ 1 / 2 . (56) 

Scatterings on the other hand proceed at a rate T s ~ ct 2 T 3 /M X and hence are not effective at lower 
temperatures. To be in equilibrium, decays must have been effective as T fell below Mx in order 
to track the equilibrium density of X's (and X's). Therefore, the out-of-equilibrium condition is 
that at T = M X ,T D < H or 

M x £ aM P (N(M x ))~ l/2 ~ 10 18 aGeV (57) 

In this case, we would expect a maximal net baryon asymmetry to be produced. 

To see the role of C and CP violation, consider the two channels for the decay of an X gauge 
boson: X — > (l)uu, (2)e~d. Suppose that the branching ratio into the first channel with baryon 
number B = —2/3 is r and that of the second channel with baryon number B = +1/3 is 1 — r. 
Suppose in addition that the branching ratio for X into (I) u u with baryon number B = +2/3 is 
f and into (2) e + d with baryon number B = — 1/3 is 1 — f. Though the total decay rates of X and 
X (normalized to unity) are equal as required by CPT invariance, the differences in the individual 
branching ratios signify a violation of C and CP conservation. 

The (partial) decay rate for X is computed from an invariant transition rate 

W = ^\M\ 2 (2n)^(XP) (58) 
where the first term is the common symmetry factor and the decay rate is 



X — J WdU 1( lU 2 (59) 



r = 

2M X 
with 

rfn = W < 60 > 

for g degrees of freedom. Denote the parity (P) of the states (1) and (2) by | or j, then we have 
the following transformation properties: 

Under CPT: Y{X 1 |) = r(l|-»X) 

Under CP : T(X -► 1 |) = T(X -► 1 |) (61) 

Under C : T(X -► 1 |) = T{X -► 1 |) 

We can now denote 

r = T(X -► 1 T) +T(^ 1 i) (62) 

r = r(x 1 1) + r(x 1 1) (63) 

The total baryon number produced by an X, X decay is then 

2 1, ,2 1, 

AB = — r + -(l-r) + -f (1 - f) 

3 3 3 3 

= f-r = v{x 1 1) + r(x 1 1) - r(x -» 1 1) - r(x -» 1 j.) (64) 
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One sees clearly therefore, that from eqs. fl61]) if either C or CP are good symmetries, AB = 0. 

In the out-of-equilibrium decay scenario Jl8[] , the total baryon asymmetry produced is propor- 
tional to AB = (f — 



If decays occur out-of-equilibrium, then at the time of decay, nx ~ at 



T < Afy. We then have 



s 



(AB)nx {AB)n x 



IQ-\AB) 



(65) 



s iV(T)n 7 

The schematic view presented above can be extended to a complete calculation given a specific 



model fll9| , 2C], see also [21| for reviews. It makes sense to first consider the simplest GUT, namely 



SU(5) (for a complete discussion of GUTs see [22]. In SU(5), the standard model fermions are 
placed in a 5 and 10 representation of SU(5) 
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(66) 



where the subscripts are SU(3)-color indices. The standard model gauge sector is augmented by the 
color triplet X and Y gauge bosons which form a doublet under SU(2) l and have electric charges 
±4/3 and ±1/3 respectively. The full set of 24 gauge bosons are in the adjoint representation. In 
minimal SU(5), an adjoint of Higgs scalars, S, is required for the breakdown of SU(5) to the standard 
model SU(3) c x SU(2)iX U(l)y. The additional Higgs scalars needed to break the standard model 
down to SU(3) c x U(l) em requires a five-plet of scalars, H, which contains the standard model 
Higgs doublet in addition to a colored (charged ±1/3) triplet. 



The SU(5) gauge couplings to fermions can be written as 23] 

(diRl^ejt + £ijkU c kL J u u jL + d iL ^et 



V2 



95 X, 



l/Lt 



(67) 



V2 



in 



{-di R ^u c R + e ijk u c jL j u d kL 



where g§ is the SU(5) gauge coupling constant. These couplings lead to the decays shown in figure 
5. Similar diagrams can be drawn for the decay of the Y gauge boson. 
The Higgs five-plet, H couples to fermions via the 



H 5 10 



H 10 10 



couplings shown in figure 6 (shown are the couplings of the triplet relevant for baryogenesis) . 

Typically, it is expected that the Higgs masses, in particular, those of the adjoint, S, are of 
order the GUT scale, Mx ~ 10 15 — 10 16 GeV. The five-plet is somewhat problematic however, as 
the the doublet in H, must remain light as it corresponds to the standard model electroweak Higgs 
doublet. The triplet can not be light because as a consequence of the diagrams in figure 6, it will 
mediate proton decay. However, because the couplings to fermions in figure 6 are Yukawa couplings 
rather than gauge couplings, the calculated rate for proton decay mediated by the triplets will be 
much smaller, allowing for a smaller triplet mass 

4 

I (70) 



T(p — decay viaX) / Mh 



T(p — decay via//) \Mx 



M w 



m„ 
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ure 5: Decay diagrams for the X gauge boson. 



Figure 6: Higgs couplings to fermions. 
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Figure 7: One loop contribution to the C and CP violation in SU(5). 



implying that the Higgs triplet mass M# need only be greater than about 10 10 GeV. 

From equation ( p5| ) it is clear that a complete calculation of tib/s will require a calculation of 
the CP violation in the decays (summed over parities) which we can parameterize by 

r(x -» i) - r(x -» i) i m r 

e = r-r = —-= =4 ) r r (71) 

T(X -» 1) + T(X -> 1) Rer v ; 

At the tree level, as one can see r(X — > 1) oc gjgs is real and there is no C or CP violation. At 
the one loop level, one finds that the interference between the tree diagram and the loop diagram 
shown in figure 7 gives |24j] 

e oc lmg ] Xi g Yl gx 2 gY 2 (72) 
However in SU(5), g Xl = gy x = gx 2 = 9y 2 = 95 so that 

e oc Im(glg 5 )(g 5 gl) = (73) 

Similarly, the exchange of the Higgs triplet at one loop also gives a vanishing contribution to e. 

At least two Higgs five-plets are therefore required to generate sufficient C and CP violation. (It 
is possible within minimal SU(5) to generate a non- vanishing e at 3 loops, however its magnitude 
would be too small for the purpose of generating a baryon asymmetry.) With two five-plets, H and 
H' , the interference of diagrams of the type in figure 8, will yield a non-vanishing e, 

e oc Im(a /t a6'6 t ) + (74) 

if the couplings a / a' and b ^ b'. 

Given the grand unified theory, SU(5) in this case, the final task in computing the baryon 
asymmetry is to take into account the thermal history of the Universe and the departure from 



thermal equilibrium [25, 18]. A full complete numerical calculation was undertaken in |T{|] and 
these results will be briefly summarized here. 

To trace the evolution of the baryon asymmetry contained in quarks, a full set of coupled 
differential Boltzmann equations must be computed for all relevant particle species. In general, 
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Figure 8: One loop contribution to the C and CP violation with two Higgs five-plets. 



particle number densities must satisfy 

3Hn = J dU a dU b ■ ■ ■ dTLidlLj 



[f a f b ■ ■ • (1 ± fi)(l ± f 3 ) ■ ■ ■ W( PaPb ■ ■ ■ -» m - • • •) 

-/i/i ■ • ■ (1 ± /a)(l ± fb) ■ ■ ■ W( PiPj ■ ■ • - p aP6 • • •)] (75) 

where 

n = 2j E f d U / = ^| I (76) 

is the number density of particles and the energy distribution. In thermal equilibrium F = 1 and 
is allowed to take other values. Since we are interested in an asymmetry it is more convenient to 
keep track of the quantities 

n i+ = n i + n- i m- =ni-nj (77) 

For small asymmetries, F+ ~ 2 and F- is small. In total, it is necessary to keep track of the following 
12 quantities: U + , D + , L + , v + , X + ,Y + ;U-, D- , L_ , v_ , X_ , Y_ where these scaled functions are 
defined by U(t) = n u /(g u A) with A = [3£(3)/47r 2 ]T 3 . It is also convenient to change time variables 

fro- 4 to i = 5 - 8X g GeV {w$)Y /2 *&, with * = Mx/T. 



The full set of coupled equations can be found in |19j. For our purposes here, it will be useful 
to write down only a sample equation for U— 

= -7D[2X_ + y_/2]- 7lD [2?7 + [/_ + (C/ +J D_ + J D + ^_)/2 

(Z7+L_ + L + C/_)/4] + e [ 7D X+ - 7lD Z) + L + /2] + scatterings (78) 



where 



1 A jdU x dU Ul dn u J x W(X -> n lU2 ) 

T . 2.9 x 10 17 aGeV / 160 \ 1/2 , D1 , 
K = Mx [N(T)) (81) 
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Figure 9: The damping of an initial baryon asymmetry with B — L = and e = 0. 



where the gut fine-structure constant is a = g§/4ir. 

When equilibrium is maintained and all interaction rates are large compared with the expansion 
rate, solutions to the + equations (not shown) give U+, D + , L + ,v + = 2 and X + = Y + = 2710/70- 
In this case, as one can see from the sample — equation in (|78|) , all CP violation effects disappear 
(the coefficient of e vanishes). As the e term was the only one that could generate an asymmetry, 
the asymmetry is driven to in equilibrium. 

To get a feeling for the results of such a numerical integration, let us first consider the case 
with e = 0. When B — L = initially, there is a damping of any initial baryon asymmetry as is 
shown in figure 9. The parameter z, increases as a function of time (z ~ y/i). In equilibrium, the 
asymmetries are damped until the baryon number violating interactions freeze-out. In accord with 
our earlier remarks, a large value of Mx (corresponding to a small value of K) results in an early 
departure from equilibrium and a larger final baryon asymmetry. If B — L 7^ initially, since the 
minimal SU(5) considered here conserves B — L, the asymmetry can not be erased, only reshuffled. 

To generate an asymmetry, we must have e / 0. The time evolution for the generation of 
a baryon asymmetry is shown in figure 10. As one can see, for large values of Mx, ie. values 
which satisfy the lower limit given in eq. ([57]), the maximal value for the baryon asymmetry, 
ub/s ~ 10~ 2 e is achieved. This confirms numerically the original out-of equilibrium decay scenario 
ifTq ]. For smaller values of Mx, an asymmetry is still produced, which however is smaller due to 
partial equilibrium maintained by inverse decays (710 ) • The growth of the asymmetry as a function 
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Figure 10: The time evolution of the baryon asymmetry with B = L = initially. 



of time is now damped, and it reaches its final value when inverse decays freeze out. 

Finally it is important to note that the results for the final baryon asymmetry, as shown in 
figure 10, as a function of the mass of the X gauge boson, is in fact largely independent of the 
initial baryon asymmetry. This is evidenced in figure 11, which shows the time evolution of the 
asymmetry, given a large initial asymmetry. Even for large Mx, the asymmetry is slightly damped, 
and for smaller values of Mx, the asymmetry is damped to a level which is again determined by the 
freeze-out of inverse decays. This means that this mechanism of baryogenesis is truely independent 
of initial conditions, in particular it gives the same value for rj whether or not rj = or 1 initially. 

The out-of-equilibrium decay scenario discussed above did not include the effects of an inflation- 
ary epoch. In the context of inflation, one must in addition ensure baryogenesis after inflation as 
any asymmetry produced before inflation would be inflated away along with magnetic monopoles 
and any other unwanted relic. Reheating after inflation, may require a Higgs sector with a rela- 
tively light O(10 10 — 10 n )GeV Higgs boson. The light Higgs is necessary since the inflaton, rj, is 
typically very light (m ri ~ fi 2 /Mp ~ O(10 n ) GeV, determined from the magnitude of density per- 
turbations on large scales as measured by COBE||, cf. eq. (|5lt)) and the baryon number violating 
Higgs would have to be produced during inflaton decay. Note that a "light" Higgs is acceptable as 
discussed above due to the reduced couplings to fermions cf . eq. (^) . The out-of-equilibrium decay 
scenario would now be realized by Higgs boson decay rather than gauge boson decay and a different 
sequence of events. First the inflaton would be required to decay to Higgs bosons (triplets?) and 
subsequently the triplets would decay rapidly by the processes shown in figure 6. These decays 
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Figure 11: The time evolution of the baryon asymmetry with a large initial baryon asymmetry. 
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would be well out of equilibrium as at reheating T <C tuh and nn ~ |26|]. In this case, the 
baryon asymmetry is given simply by 



rip, nu n„ Tr ( m„\ 1 / 2 n 
B „ e -fL „ e _!? „ ~ e I — ^- I ~ e-£- ~ 10" 4 e (82) 
T/j 3 Tp 3 m„ Vm p ; M P 



where Tr is the reheat temperature after inflation, and I have substituted for = p ri /m rj ~ 
T 2 M P 2 /m v . 

2.2 Supersymmetry 

Supersymmetry, as is well known by now, was incorporated into GUTs because of its ability to 
resolve the gauge hierarchy problems. There are two aspects to this problem: 1) there is a separation 
in physical mass scales, M\\r <C Mx < Mp; 2) this separation is extremely sensitive to radiative 
corrections. The first problem has to do with a tree-level choice of mass parameters. A single 
fine-tuning. The second problem requires fine-tuning at many successive orders in perturbation 
theory. Radiative corrections to scalar masses are quadratically divergent 

where A is some cut-off scale. In the low energy electroweak theory, the smallness of My/ requires 
the mass of the physical Higgs boson to be ran < 0(l)TeV. Requiring 5m 2 H < O(m^) implies that 
A < 0(1) TeV as well. The trouble comes when we move to a GUT where the natural cut-off is 
Mx (or even Mp ) rather than O(M^y) and we expect 5m 2 H > 0(10 15 ) GeV. A cancellation may 
be imposed by hand, but this must be done to each order in perturbation theory. A solution to 
this difficulty would be to cancel the radiative corrections by including fermion loops which have 
the opposite sign. Then provided \rr? B — mpl < 0(1) TeV, the stability of the mass scales would 
be guaranteed. Such a cancellation occurs automatically in a supersymmetric theory (in the limit 
of exact supersymmetry, these radiative corrections are absent entirely). In addition, although 
gauge couplings still get renormalized, the Yukawa couplings of theory, which are parameters of a 
superpotential do not get renormalized 1 27]. 



Standard unification (ie. non-super symmetric) has come across additional difficulties of late. 
Extrapolation of the gauge coupling constants of the standard model using the renormalization 
group equation with standard model inputs, does not result in the three couplings meeting at a 
single point. However, when the superpartners of the standard model fields are also incorporated, 
and the renormalization group equations are again run to high energy scales, then the gauge 



couplings do in fact meet at a point (within errors) at a scale of order 10 16 GeV [28]. 

The field content of the supersymmetric standard model, consists of the following chiral su- 
permultiplets: Q, u c , d c , L, e c , Hi, Hi- The only addition is the extra Higgs doublet. The Yukawa 
interactions are generated by the superpotential 

F Y = h u HiQu c + h d H 2 Qd c + InH 2 Le c + eH x H 2 (84) 

leading to the Lagrangian interactions 

C B (d 2 F Y /dfd^>) (85) 
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where is the fermion component of the superfield <ft l . ( p5|) contains the normal fermion mass 
terms of the standard model. 

The scalar potential in a globally supersymmetric theory can be written as 

V(4>\ ft) = ^m 2 + h: a gl\D a \ 2 (86) 



where 



for superpotential F and 



Fi = dF/dft (87) 



\D a \ 2 = (>:,. ; o;v">y 



for generators T a *- of a gauge group with gauge coupling g a . In addition, in broken supersymmetry 
there will be soft supersymmetry breaking scalar masses as well as gaugino masses. 

In a supersymmetric grand unified SU(5) theory, the superpotential Fy can be expressed in 
terms of SU(5) multiplets 

F Y = h d H 2 5 10 + /i„Hi 10 10 (89) 

where 10, 5, Hi and H 2 are chiral supermultiplets for the 10, and 5 plets of SU(5) matter fields and 
the Higgs 5 and 5 multiplets respectively. 

In supersymmetric SU(5), there are now new dimension 5 operators which violate baryon num- 
ber and lead to proton decay as shown in figure 12. The first of these diagrams leads to effective 
dimension 5 Lagrangian terms such as 

45 = ^(m (90) 



and the resulting dimension 6 operator for proton decay 2£] 



As a result of these diagrams the proton decay rate scales as F ~ h g /M^Mg where Mh is the 
triplet mass, and Mq is a typical gaugino mass of order < 1 TeV. This rate however is much too 
large if M H ~ 10 10 GeV. 

It is however possible to have a lighter (O(10 10 — 10 11 ) GeV) Higgs triplet needed for baryogenesis 
in the out-of-equilibrium decay scenario with inflation. One needs two pairs of Higgs five-plets 
(Hi, H2 and H[, H' 2 which is anyway necessary to have sufficient C and CP violation in the decays. 
By coupling one pair (H2 and H[) only to the third generation of fermions via (3(J] 



aHilOlO + 6^103103 + cH 2 10 3 5 3 + dH' 2 105 (92) 

proton decay can not be induced by the dimension five operators. Triplet decay will however 
generate a baryon asymmetry proportional to e ~ Imdc^ba^ . 
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Figure 12: Dimension 5 and induced dimension 6 graphs violating baryon number. 



2.3 The Affleck-Dine Mechanism 

Another mechanism for generating the cosmological baryon asymmetry is the decay of scalar con- 
densates as first proposed by Affleck and Dine[j3l|l. This mechanism is truly a product of supersym- 
metry. It is straightforward though tedious to show that there are many directions in field space 
such that the scalar potential given in eq. ( |86|) vanishes identically when SUSY is unbroken. That 
is, with a particular assignment of scalar vacuum expectation values, V = in both the F— and 
D— terms. An example of such a direction is 



U\ = v fi 



b\ = e i(t> Vv 2 + a 2 (93) 



where a, v are arbitrary complex vacuum expectation values. SUSY breaking lifts this degeneracy 
so that 

V ~ mV (94) 
where rh is the SUSY breaking scale and 4> is the direction in field space corresponding to the flat 



direction. For large initial values of (f>, (f> ~ M gut , a large baryon asymmetry can be generated 31, 
[ffil . This requires the presence of baryon number violating operators such as O = qqql such that 
(O) ^ 0. The decay of these condensates through such an operator can lead to a net baryon 
asymmetry. 

In a supersymmetric gut, as we have seen above, there are precisely these types of operators. 
In figure 13, a 4-scalar diagram involving the fields of the flat direction (|93| ) is shown. Again, G is 
a (light) gaugino. The two supersymmetry breaking insertions are of order m, so that the diagram 
produces an effective quartic coupling of order fh? /(</> 2 + My). 

The baryon asymmetry produced, is computed by tracking the evolution of the sfermion con- 
densate, which is determined by 

4> + 3H<p = -rh 2 <j) (95) 
To see how this works, it is instructive to consider a toy model with potential 



V(<f>, 0*) = m 2 4>4? + - 0* 4 ] (96) 
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Figure 13: Baryon number violating diagram involving flat direction fields. 



The equation of motion becomes 

fa + 3F0i = -m 2 0i + 3A0 2 2 - A0l (97) 
02 + 3Hfc = -m 2 2 - 3A0 2 .0i + A0? (98) 

with = (0i + «02)/v / 2- Initially, when the expansion rate of the Universe, H, is large, we 
can neglect and rh. As one can see from (|96|) the flat direction lies along ~ 0i ~ O with 
02 — 0. In this case, 0i ~ and 02 — jjj<f>o- Since the baryon density can be written as 
n B = jo = |(0102 — 0201 ) — 677^o) by generating some motion in the imaginary direction, we 
have generated a net baryon density. 

When H has fallen to order rh (when i -1 ~ rh), 0i begins to oscillate about the origin with 
01 — 0o sin (mi) /mi At this point the baryon number generated is conserved and the baryon density, 
riB falls as R~ 3 . Thus, 

n B ~ — 0o0 2 oc 7?~ 3 (99) 
m 

and relative to the number density of 0's (n^ = p^/rh = rhcf) 2 ) 

(100) 

If it is assumed that the energy density of the Universe is dominated by 0, then the oscillations 
will cease, when 

~ ^ 1/2 „ . 

„ m° Ps rnm 

T * a -p aBa ^ a W (101> 

or when the amplitude of oscillations has dropped to 0d ~ (Mprh 2 ) 1 ^ 3 . Note that the decay rate 
is suppressed as fields coupled directly to gain masses oc 0. It is now straightforward to compute 
the baryon to entropy ratio, 

nB = n^^ X^Jl = A0| /Mp\^ 
» 4 /4 m 5 /20^ 2 m 2 V m / 
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and after inserting the quartic coupling 



n B eg (M P \ l ' Q 
— ~ e = — - 



which could be quite large. 

In the context of inflation, a couple of significant changes to the scenario take place. First, 
it is more likely that the energy density is dominated by the inflaton rather than the sfermion 
condensate. Second, the the initial value (after inflation) of the condensate cj) can be determined by 
the inflaton mass m^, 4> 

2 ^ H 3 T ^ mrt M P . The sequence of events leading to a baryon asymmetry 
is then as follows [15]: After inflation, oscillations of of the inflaton begin at R = when H ~ m v 



and oscillations of the sfermions begin at R = Rs when H ~ m. If the Universe is inflaton 
dominated, H ~ m ri (R ri /R) 3 / 2 since H ~ p\j 2 and p v ~ rj 2 ~ R~ 3 Thus one can relate and R^, 
R<f) ~ (m v /m) 2 / 3 R v . As discussed earlier, inflatons decay when T v = m 3 /Mp = H or when R = 
Rd-q — (Mp/m^) 4 / 3 ^. The Universe then becomes dominated by the relativistic decay products 
of the inflaton, p rrj = m 2j/3 Mp ^ 3 (R v / R) 4 " and H = rrvq M^/ 3 (R v / R) 2 ■ Sfermion decays still occur 
when = H which now corresponds to a value of the scale factor R^ = (m 7 / 15 4> 2 J^ M^/ 15 jm^R^. 



Finally, the baryon asymmetry in the Affleck-Dine scenario with inflation becomes [15] 

jl 4 3/2 7/ 2 

tie £<Po m v ' em r j 



(10" b - l)e (104) 



s M x 2 Mp^l 2 m M x 2 Mp 1 / 2 m 
for m ~ (10~ 17 - l(T 16 )Mp, and M x ~ (10~ 4 - 1(T 3 )M P and m„ ~ (1(T 8 - 10~ 7 )M P . 



3 Lepto-Baryogenesis 



The realization [33] of significant baryon number violation at high temperature within the standard 
model, has opened the door for many new possibilities for the generation of a net baryon asymmetry. 
Indeed, it may be possible to generate the asymmetry entirely with the context of the standard 
model ]3JJ. Electroweak baryon number violation occurs through non-perturbative interactions 
mediated by "sphalerons" , which violate B + L and conserve B — L. For this reason, any gut 
produced asymmetry with B — L = may be subsequently erased by sphaleron interactions [35|. 
The origin of the sphaleron interactions lies in the anomalies of the electroweak current 

j£ = N f ( -^WW - J^BB) (105) 

This gives rise to a non-trivial vacuum structure with degenerate vacuum states with differing 
baryon number. At T = 0, the rates for such transitions is highly suppressed f36|| , oc e~ 27T ^ aw . 
However at high temperatures, the transition rate is related to the diffusion rate over a potential 
barrier, T s ~ (M^/afyT 6 ) e ~*M w /a w T in 

the broken phase. In the symmetric phase, the barrier 
becomes very small and transitions are relatively unsuppressed, Ts ~ (afyT). 

With B — L = 0, it is relatively straightforward to see that the equilibrium conditions including 
sphaleron interactions gives zero net baryon number [37]. By assigning each particle species a 



chemical potential, and using gauge and Higgs interactions as conditions on these potentials (with 
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generation indices suppressed), 



M- + MO = fJ>W Hu R - M«l = MO Vd R - Vd L = ~M0 

Mz fl - Ml = ~Mo Hd L - M«l = Mw MZl - M^ = Mw (106) 

one can write down a simple set of equations for the baryon and lepton numbers and electric charge 
which reduce to: 

B = 12n UL 

L = 3/i-3^ (107) 
Q = 6fi UL - 2m + 14mo 

where \i = J2 ■ I n (|107p , the constraint on the weak isospin charge, Q3 oc [lyy = has been 
employed. Though the charges B, L, and Q have been written as chemical potentials, since for small 
asymmetries, an asymmetry (rif — ni)/s oc fif/T, we can regard these quantities as net number 
densities. 

The sphaleron process yields the additional condition, 

9fi UL +^ = (108) 

which allows one to solve for L and B — L in terms of fi UL , ultimately giving 

oc 

B = -(B-L) (109) 

Thus, in the absence of a primordial B — L asymmetry, the baryon number is erased by equilibrium 
processes. Note that barring new interactions (in an extended model) the quantities ^B — L e , 
^B — Lp, and ^B — L T remain conserved. 

With the possible erasure of the baryon asymmetry when B — L = in mind, since minimal 
SU(5) preserves B — L, electroweak effects require guts beyond SU(5) for the asymmetry generated 
by the out-of-equilibrium decay scenario to survive. Guts such as SO(10) where a primordial B — L 
asymmetry can be generated becomes a promising choice. The same holds true in the Affleck-Dine 
mechanism for generating a baryon asymmetry. In larger guts there are baryon number violating 



operators and associated flat directions [38]. A specific example in SO(10) was worked out in detail 
by Morgan gjj. 

An important question remaining to be answered is whether or not the baryon asymmetry can 
in fact be generated during the electroweak weak phase transition. This has been the focus of much 



attention in recent years. I refer the reader to the review of ref. [34]. In the remainder of these 
lectures, I will focus on alternative means for generating a baryon asymmetry which none-the-less 
makes use of the sphaleron interactions. 

The above argument regarding the erasure of a primordial baryon asymmetry relied on the 
assumption that all particle species are in equilibrium. However, because of the extreme smallness 
of the electron Yukawa coupling, en does not come into equilibrium until the late times. The en 
decoupling temperature is determined by the rate of en — ► + H transitions and comparing this 
rate to the expansion rate 

r iK = ^-<~^~H mo) 

LR 192C(3) T M P 1 j 
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which gives T = T* ~ O(few) TeV. Thus one may ask the question, whether or not the baryon 
asymmetry may be stored in a primordial en asymmetry [40|. Because sphalerons preserve B — 



L, any lepton number stuck in cr is accompanied by an equal baryon number. However, at 
temperatures below the en decoupling temperature, baryon number will begin to be destroyed so 
long as sphalerons are in equilibrium. Sphalerons are in equilibrium from about the electroweak 
phase transition to T ~ 10 12 GeV |33|. As it turns out, the e# (baryon) asymmetry is exponentially 
sensitive to parameters of the model. 

To clearly see the role of e^j decoupling, it is helpful to look again at the equations relating 
chemical potentials. Above the scale T*, the relation /i ejJ = /j, ei — fiQ does not hold. Instead there 



is an equilibrium solution [41] 
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B = l2fl UL = — (fi eR -n eL ) (111) 

One can quickly see now that below T*, when fi eR = fi eL — is respected, the only solution yields 
fiQ = B = L = 0. In terms of conserved quantities, above, T* we can write the equilibrium solution 
for B fTJ 

Be q = Jjj {SL £R + (Ib - lS) (112) 

where L eR is the lepton asymmetry stored in e#'s and L e is the total lepton asymmetry. Note that 
this is independent of the initial baryon asymmetry. Below T*, the baryon asymmetry drops off 
exponentially 

B = B eq e~ j <* 351 LR (113) 

integrated from T* to the electroweak phase transition where sphaleron interactions quickly freeze 
out. With standard model parameters, the baryon asymmetry is not preserved [[5], 41]. 



Another possibility for preserving a primordial baryon asymmetry when B — L = comes if the 
asymmetry produced by scalar condensates in the Affleck-Dine mechanism is large (ub/s £ 10~ 2 ) 
]f42^]. After the decay of the A-D condensate, the baryon number is shared among fermion and boson 
superpartners. However, in equilibrium, there is a maximum chemical potential fij = fis = an d 
for a large asymmetry, the baryon number density stored in fermions, ub s = if A t /^~' 2 is much less 
than the total baryon density. The bulk of the baryon asymmetry is driven into the p = bosonic 
modes and a Bose-Einstein condensate is formed p3|] . The critical temperature for the formation 
of this condensate is given by tib — riB b + wb c = |mT c 2 so that, 



= ? I" hF T " (H4) 




At T < T c , most of the baryon number remains in a condensate and for large n_e, the condensate 
persists down to temperatures of order 100 GeV. Thus sphaleron interactions are shut off and a 
primordial baryon asymmetry is maintained even with B — L = 0. One should note however that 
additional sources of entropy are required to bring r] down to acceptable levels. 

As alluded to above, sphaleron interactions also allow for new mechanisms to produce a baryon 
asymmetry. The simplest of such mechanisms is based on the decay of a right handed neutrino-like 



30 



state [^1- This mechanism is certainly novel in that does not require grand unification at all. By 
simply adding to the Lagrangian a Dirac and Majorana mass term for a new right handed neutrino 
state, 

£ B Mv c v c + XHLu c (115) 

the out-of-equilibrium decays v c — ► L+H* and v c — ► L* + H will generate a non-zero lepton number 
L 0. The out-out-equilibrium condition for these decays translates to 10 _3 A 2 Mp < M and M 
could be as low as O(10) TeV. (Note that once again in order to have a non- vanishing contribution 
to the C and CP violation in this process at 1-loop, at least 2 flavors of v c are required. For the 
generation of masses of all three neutrino flavors, 3 flavors of v c are required.) Sphaleron effects can 
transfer this lepton asymmetry into a baryon asymmetry since now B — L ^ 0. A supersymmetric 
version of this scenario has also been described [|l4|, [4q| . 

The survival of the asymmetry, of course depends on whether or not electroweak sphalerons can 
wash away the asymmetry. The persistence of lepton number violating interactions in conjunction 
with electroweak sphaleron effects could wipe out jl6| both the baryon and lepton asymmetry in 
the mechanism described above through effective operators of the form X 2 LLHH/M. In terms of 
chemical potentials, this interaction adds the condition ^ v + ^jlq = 0. The constraint comes about by 
requiring that this interaction be out of equilibrium at the time when sphalerons are in equilibrium. 
The additional condition on the chemical potentials would force the solution B = L = 0. 

It is straightforward to derive a constraint |4q1-|49||,p7| on M/X 2 . So long as the AL = 2 
operator is out-of-equilibrium while sphalerons are in equilibrium the baryon asymmetry is safe. 
The out-of-equilibrium condition is 

C(3)A 4 T 3 20T 2 . , 

r " = Uhp < m7 = H (lla > 

yielding 

M 



> 0M5VTblM p (117) 

where Tbl is the temperature at which the B — L asymmetry was produced or the maximum 
temperature when sphalerons are in equilibrium (or the temperature T* of ep decoupling which 
we will momentarily ignore) whichever is lower. Originally [46|, Tbl ~ T c ~ 100 GeV was chosen 



giving, M/X 2 > 5 x 10 8 GeV and corresponds to a limit on neutrino masses m v ~ X 2 v 2 /M <, 50 
keV. In [|37j, it was pointed out that sphalerons should be in equilibrium up to 10 12 GeV, in which 
case, Mf X 2 > 10 14 GeV and corresponds to m u < 1 eV. Similarly, it is possible to put constraints 



on other B and/or L violating operators [47, 48] which include ii-parity violating operators in 



supersymmetric models. For example |47|, the mass scale associated with a typical dimension 3 
operator is constrained to be m < 2 x 10 -5 GeV, the quartic coupling of a dimension 4 operator, 
A < 7 x 10~ 7 or the mass scale of a higher dimensional operator such as a dimension 9, AB = 2, 
operator is M > 10 3 — 10 13 GeV. Only the latter is dependent on the choice of Tbl- 

In supersymmetric models however, it has been argued by jljj that due to additional anomalies 
which can temporarily protect the asymmetry (until the effects of supersymmetry breaking kick 
in), the maximum temperature should be at ~ 10 s GeV rather than ~ W 12 GeV. Interestingly, 
in the context of inflation, though the reheat temperature is typically 10 8 GeV, equilibration is 
not achieved until about 10 5 GeV [O] thus the maximum temperature should not surpass this 
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Figure 14: Lepton-violating and left-right equilibrating rates. 



equilibration temperature . These chang es in T max would soften the limits on the mass scales of 
dimension D > 5 operators. For example, for the D=5 (AL = 2) operator above, M/X 2 > 10 9 — 

io 10 G e y. 

There are other subtleties regarding these limits. The presence of separate lepton asymmetries 
combined with mass effects can protect an asymmetry as an equilibrium solution [50, 51, The 



rates for some operators may be small enough to leave approximately conserved quantities such as 
^B — Li\53\. Or, it may be possible that the asymmetry can be stored in a weakly interacting field 
such as the right-handed electron pO]]. 

Indeed, it has been shownf^l]] that because e# only comes into equilibrium at the relatively cool 
temperature T* ~few TeV, above T* the baryon number is safe and the picture of baryon number 
erasure is changed. Sphaleron erasure of the baryon asymmetry can only occur between the T* and 
the decoupling temperature Tf of the additional B and/or L violating rates as seen in Figure 14. 
If Tf > T*, the baryon asymmetry is protected and may even be generated as shown below. Thus 
for limits on B and L violating operators, T max should be set at T* further relaxing the constraints 
on new operators. 

How then can we generate a baryon asymmetry from a prior lepton asymmetry? In addition to 
the mechanism described earlier utilizing a right-handed neutrino decay, several others are now also 
available. In a supersymmetric extension of the standard model including a right-handed neutrino, 
there are numerous possibilities. Along the lines of the right-handed neutrino decay, the scalar 
partner |l4| or a condensate |45| of i> c 's will easily generate a lepton asymmetry. Furthermore if 
the superpotential contains terms such as i^ c3 + u c HiH2, there will be a flat direction violating 
lepton number [5^ , H a la Affleck and Dine. While none of these scenarios require guts, those 
that involve the out-of equilibrium decay of either fermions, scalars or condensates must have the 
mass scale of the right-handed neutrino between 10 9 and about 10 11 GeV, to avoid washing out 
the baryon asymmetry later (as can be seen from eq. (|117|)) and to be produced after inflation 
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respectively. In contrast the decay of the flat direction condensate (which involves other fields in 
addition to v c ) only works for 10 11 < M < 10 15 GeV. 

Flavor effects may also generate a baryon asymmetry. Indeed consider the AL = 2 operator 
discussed above. If all flavors are out of equilibrium, then the process for all intents and purposes 
can be neglected. The only baryon asymmetry that will result will be the small one due to mass 
effects [50, [51]], unless a larger ( > 10 -4 asymmetry is produced say by the Affleck and Dine 



mechanism [52]. If all of the flavors are in equilibrium, then the bound (117) is not satisfied and 
B is driven to zero. On the other hand, if the bound is satisfied by 1 or 2 generations, then even if 
initially B = L = 0, a baryon asymmetry will be generated and will be given by 

84 

B = 247^lB-(L 1+ L 2 ) ( 118 ) 



assuming that only generations 1 and 2 are out of equilibrium and satisfy the bound] 40] . 

Once again, to see this more clearly it is helpful to write quantities in terms of chemical poten- 
tials. Below T*, all of the quantities of interest can be expressed in terms of 5 chemical potentials: 



/^Li/^Cb an d [i Vi - There are two constraints: Q = and the sphaleron constraint (|108|) and the 
three initial conditions, ^B — Lj. If all three of these conservation laws are broken eg. by the 
AL = 2 processes discussed above and ho = — n Vi , then we are left with two parameters, \i UL and 
Ho, with two constraints: Q = 6fi UL — 20ho = and 9h Ul — 3ho = yielding only the trivial solution 
B = L = jj, UL = no = 0. Clearly a non-trivial solution will be obtained when one or two of the 
— Lj's are conserved between T c and T*. 

Finally, a pre-existing e# asymmetry will also be transformed into a baryon asymmetry jfjj]. 
With e_R decoupled, the quantities ( |107|) become 



B = 12hu l 

L = 3/i + (j,e R - - He L (119) 
Q = 6/i Ui - 2/X - He R + + He L 



which when combined with the sphaleron condition (108), and the the AL = 2 condition Hu + Hh = 
0, one finds that above T* 

5* = -^He R L* = -He R (120) 

independent of the initial value of B and L. Assuming that the AL = 2 interactions are out of 
equilibrium below T*, we now have from eq. (p.09|) that 
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B = — (B* - L*) ~ -0.lHe R (121) 

Similarly, if any other other baryon and/or lepton number violating operator was in equilibrium at 
some point above T* and so long as it decouples above T*, a baryon asymmetry (or more precisely 
a B — L asymmetry) will be produced. 

In summary, I hope that it is clear that the generation of a baryon asymmetry is in principle 
relatively easy and that sphaleron interactions may in fact aid rather than hinder the production 
of an asymmetry. There are many possibilities and perhaps more than one of them are actually 
responsible for the final observed asymmetry. 
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